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Abstract
Interdisciplinary studies of rocky slopes stability have
been performed on Northern Portugal, that allowed to
establish a design methodology. This approach carries
together the use of more traditional techniques, with the
application of more recent technologies, such as
unmanned aerial vehicles. This work presents a set of
procedures that have been applied successfully in several
case studies, describing the different stages, with an
emphasis on the production of a ground three-
dimensional model. This model is generated from pho-
tographs obtained with successive drone flights, with
overlapping. It is the support for the development of
subsequent stages, especially for the characterisation of
the trajectories of rockfalls and modelling, the develop-
ment of susceptibility mapping and of rock slope hazard.
In this context, the Natural Slope Quality Index (N-SQI ),
an adaptation of the Slope Quality Index (SQI), orientated
to natural slopes, is presented. The Block Gravity Number
(BGN), created in order to hierarchise rock blocks,
selecting them for modelling, is also proposed.
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1 Introduction
Hazard describes any condition with the potential for caus-
ing an undesirable situation, that sometimes could incur in
disasters (e.g. Wyllie and Mah 2004; Einstein and Sousa
2012). The triggering mechanism for failure involves both
the presence of at least one factor (e.g. infiltration of water,
earthquake, vegetation grow) and the existence or develop-
ment of unfavourable conditions for stability, such as
blocked drainage paths and high slope angle (Pantelidis
2009).
In Northern Portugal, rock slope instability is a common
process associated with rockfalls. These mass movements
occur mainly in areas where the geological, hydrological and
geomorphological conditions promote the natural landscapes
with the presence of high slopes and rocky boulders with
different shapes and dimensions. Sometimes, these rockfalls
involve significant damage and are often associated with
natural phenomena, such as high-intensity and/or long-term
precipitation (Wyllie and Mah 2004; Volkwein et al. 2011).
Also, they may result from anthropic actions, such as the
destruction by wildfires of the vegetation cover. The change
in the water conditions (namely water content or pressure) is
generally the major factor responsible for triggering this kind
of slope instability. Water is also an important weathering
factor that can play a significant role with respect to rock
discontinuities and thus rock mass behaviour. The increase
of precipitation (frequency and intensity) highlights new
problems concerning rock mass stability (Sandersen et al.
1996).
Northern Portugal is classified, in climate terms, as
Atlantic type, being temperate with a hot and dry summer. It
is very influenced by the orientation of the relief, which
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represents the first obstacle to the air masses from the West,
after a long journey over the Atlantic Ocean. In this region,
precipitation decreases from the coastal areas to inland, due
to orographic barriers, and may vary by altitude control from
maximum values around 3000 mm/year in the NW moun-
tains (Gerês and Cabreira) to less than 500 mm/year in the
inner Douro Valley. The NW façades have average values
around 1200–1500 mm/year, and most of the precipitation is
concentrated in the rain season, from October to March. This
intense precipitation is the cause for the presence of water in
the rocky masses and has often a double negative effect on
their stability.
In fact, the percolation of water into the discontinuities
induces a pressure increase on the adjacent rock surfaces and
promotes the decrease of the shear strength of these surfaces.
Water is also responsible for the transport of small particles
that accumulate in the discontinuities, filling them with
material usually poorly resistant and very deformable.
Instead, in filled discontinuities, water can wash these
particles.
On the isolated blocks that occur, frequently, on the
slopes of Northern Portugal, water is also an important factor
for the decreasing of their stability. The water that flows on
the base of the blocks erodes the material, usually of residual
soil origin, that constitutes its support surface, promoting a
loss of support from underneath. This water flow is also
responsible for the transport of residual soil material and
smaller rock blocks from higher elevations, which may
constitute an additional instability action on the bigger
blocks. This effect of temporary water flow generated after
an intense or continuous precipitation that usually flows
under a torrential regime is more evident when the blocks are
located close to a line of thalweg. This way, the process of
blocks transportation and their fall along the slope can be
triggered more easily. Finally, it is interesting to note that
many rockfalls happen on summer time, corresponding to
periods of time without precipitation, but with high thermal
amplitudes.
2 Methodology Applied to the Study
of Natural Rocky Slopes Stability
in Northern Portugal
Interdisciplinary studies of rock slopes stability have been
performed on Northern Portugal (e.g. S. Simão site,
Amarante; S. Cristovão and Mourilhe sites, Cinfães; Santo
Ovídio site, Gaia; Joane site, Famalicão) that allowed to
establish a sustainable design methodology. That constraint
allows always to design with nature and even design with
hazards and/or rock engineering risks (e.g. Einstein and
Sousa 2012; Hudson and Feng 2015). The approach requests
an integrated and balanced understanding of climatology,
applied geomorphology, hydrology, engineering geology,
geotechnics and engineering methods. This integrative
approach carries together the use of more traditional tech-
niques, supported by a detailed mapping and fieldwork, with
the application of more recent technologies, such as
unmanned aerial vehicles (UAV), usually known as drones.
This methodology involved (Fig. 1), on a first stage, a
topographical, hydroclimatological, morphotectonic and
geostructural surveys and characterisation of the study area
and, in a subsequent stage, a geotechnical, geomechanical
and hydrological/hydrogeological assessment. The main
geological, hydrogeological, geotechnical and geomechani-
cal constraints were compiled and integrated along the rocky
slopes. A high-precision GPS (Trimble GeoExplorer) was
used for the fieldwork surveys. In addition, the use of
Geographic Information Systems (GIS) on rock slope sta-
bility, using basic analysis tools for spatial management and
data manipulation, has become more common.
The study of rock mass outcrops includes the description,
evaluation and modelling of the mechanical properties of the
intact rock and the rock anisotropies. The scanline sampling
technique of discontinuities has been applied to the rocky
mass faces for the rock mass description. This method
includes placing a tape along the length of an outcrop and
determining its orientation. All the basic geologic and
geotechnical rock mass parameters are recorded and sur-
veyed. To establish the main discontinuity sets, the structural
geology data collected at the slope sites were analysed with
Dips software package (Rocscience). Weathering grade (W),
fracture intercept (F) and seepage conditions of rock material
were used. Furthermore, uniaxial compressive strength
(UCS) was estimated by Schmidt Rebound Hardness and
Point Load Test (PLT). In order to classify the quality of the
rocky masses, the following geomechanical classification
systems and/or geotechnical indexes are the key: rock mass
rating (RMR), slope mass rating (SMR) and geological
strength index (GSI). SMR classification was also essential
to evaluate the stability of the slopes and to offer insights
into the main potential local slope failure mechanisms. In
addition, other slope-based classifications systems could be
applied to correct understanding of the hydrogeomechanical
quality such as Q-slope, HP-Value and also the important
inputs from Hack (2002), Pantelidis (2009), Bauer and
Neumann (2011) and Pinheiro et al. (2015).
Simultaneously, a detailed visual inspection of the stud-
ied rock slopes is carried out, identifying the potential
unstable blocks. This characterisation aims to establish a
hierarchisation of the blocks, to be able to select the most
unstable and to model their fall along the slope, using an
automatic calculation program.
Therefore, a Block Gravity Number (BGN) was defined,
which is a function of: (a) the weight and shape of the block,
(b) the slope geometry, namely the slope angle, (c) the type
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of material that exists on its potential fall trajectory and (d) a
set of factors characteristic of the block, identified as
anomalies. These anomalies are related with: (a) discontinu-
ities and their aperture, (b) the evidence of loss of support
from underneath, (c) the presence of vegetation with an
instability effect, (d) indicators of block displacement, (e) the
existence of soil- or rock-like material acting on the surface
of the block, with an instability effect and (f) the presence of
water in the discontinuities or in the base of the blocks. Each
of these factors has associated a score and the sum is the
classification of the BGN, which permits the hierarchisation
of the blocks.
To evaluate the rockfall hazard of the slopes, the Slope
Quality Index (SQI) proposed by Pinheiro et al. (2015) was
applied with some adaptation to rock hillslopes (e.g.
S. Simão site, Amarante). This index is a practical system
developed to obtain a quality index for rock slopes in
highway infrastructures. The implementation of this index in
Fig. 1 General and conceptual
flow chart of the on-site
investigation methodology to
assess geotechnical hazards in
natural rock slope failures
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natural landscape scenarios led its adaptation and the pro-
posal of the Natural Slope Quality Index (N-SQI), namely,
introducing, in the original SQI, an additional parameter in
the ‘environmental/traffic factor’, related to the presence of
buildings on the bottom of the slope. The combination of the
susceptibility analysis, given by the multiparameter rating
systems—RMR, SMR and GSI—with N-SQI, leads to the
final step of hazard assessment, the rockfall susceptibility
and hazard mapping/zoning.
The use of UAV permits a high-resolution photographic
survey of the slope. Photographs are obtained with an
interval of 2 s and with an overlap of more than 60%. Flights
are carried out at different altitudes and, whenever possible,
photographs are taken vertical to the slope. This way, it can
be obtained a resolution of 1 cm/pixel. The data collected
with the UAV are processed with photogrammetry Open-
DroneMap software that permits to generate a
high-resolution georeferenced orthophotomaps, as well as a
three-dimensional model of the slope. The digital elevation
model permits to calculate several parameters of the slope
(e.g. length, gradient, height, etc.) and of the rock blocks
(e.g. volume and shape). In addition, this model allows the
definition of cross sections, which help to understand, in a
more detailed way, the slope morphology. Also, it supports
the design and performance evaluation of rockfall protection
systems (Fig. 2).
3 Concluding Remarks
Rockfall susceptible areas can be assessed and predicted
throughout integrative and multidisciplinary approaches, and
thus, rockfall damage can be decreased through prevention
efforts. The presented methodology was successfully applied
to several case studies in Northern Portugal. This method-
ology puts together traditional approaches with innovative
technologies, with detailed analyses both at the rocky block
scale and at the slope scale. The proposal of the Block
Gravity Number (BGN) is very useful on the optimisation of
the rocky blocks selection to consider on the rockfall
Fig. 2 Some aspects of the methodological approach: a high-precision
GPS and UAV techniques to topographical and photogrammetric
surveys; b geotechnical scanline sampling surveys; c orthophotomap
with contour lines, derived from UAV survey; d rockfall modelling
(analysis with RocFall software by Rocscience Inc.—https://www.
rocscience.com)
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modelling. Additionally, the N-SQI index helps to the vali-
dation of the rockfall susceptibility and hazard mapping and
zoning.
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